Introduction
defined as encompassing all known subgroups within the 16SrI group) (Lee et al., 2004) , 94 represent the best system to test the concept of genome-assisted MLSA marker development. 95 Among the >30 16Sr groups that have been described (Zhao and Davis, 2016) , only eight have 96 genome sequences available (Cho et al., 2019b) . Moreover, the genome sequencing efforts have 97 been highly focused on the 16SrI group (Table 1) , which has a worldwide geographical 98 distribution, wide range of plant hosts, and great impact on agriculture (Lee et al., 2004) . Finally, 99 this group is also the one that received most research attention on the molecular mechanisms of 100 plant-microbe interactions; the four phytoplasma effectors that have been characterized were all 101 initially studied in 16SrI phytoplasmas (Sugio et al., 2011b; Tomkins et al., 2018; Gamboa et al., 102 2019; Huang and Hogenhout, 2019) . Our preliminary study of this group identified extensive 103 levels of genome divergence and suggested that multiple species exist (Cho et al., 2019a) . In this 104 work, we expanded the sampling of available genome sequences to perform in-depth analysis of 105 genome comparisons. Specifically, we aimed to provide quantitative guidelines for defining 106 species boundaries, which could better inform phytoplasma taxonomy. Additionally, we aimed to 107 develop MLSA markers that could facilitate future genetic characterization of the phytoplasmas 108 in this important group. 109 110
Materials and Methods 111
Data Sets and Analysis Methods 112
The 11 genome sequences included in this study are listed in Table 1 . These data sets 113 represent all phytoplasma genomes available from GenBank (Benson et al., 2018) as of January 114 2020 and are recognized as belonging to the 16SrI group or 'Ca. P. asteris' (Lee et al., 2004) . 115 Two other 'Ca. Phytoplasma' species affiliated with the 16SrI group have been described, 116
including 'Ca. P. japonicum' (Sawayanagi et al., 1999) and 'Ca. P. lycopersici' (Arocha et al., 117 2007). However, only few partial gene sequences are available for these two 'Ca.' species so 118 they were not included in this study. 119 To confirm the 16Sr group and subgroup assignments, we extracted the 16S rRNA gene 120 sequences from the genomes and analyzed those sequences using the iPhyClassifier (Zhao et al., 121 2009 ). Most phytoplasma genomes contain two copies of 16S rRNA genes and each copy was 122 processed individually. The strain OY-V lacks any 16S rRNA gene in the current assembly and 123 therefore was excluded from this analysis. The strain NJAY has four partial sequences for its 16S 124 rRNA genes and all of these four sequences were examined. 125
All bioinformatic tools for processing these data sets were used with the default settings 126 unless stated otherwise. For correlation tests, the cor.test function implemented in R v3.4.4 (R 127
Core Team, 2019) was used to examine the Pearson's product moment correlation coefficient. 128
For strain TW1 (GenBank genome accession GCA_003181115.1), we downloaded the 129 raw sequencing results from the NCBI Sequence Read Archive (SRA) to examine the 130 phytoplasma sequences present in the sequencing libraries. The raw reads were mapped to two 131 other reference genomes (i.e., AYWB and OY-M; see To identify molecular markers that may be suitable for classification, those multiple 177 sequence alignments of single-copy genes shared by all genomes were examined manually. 178
Genes were ranked by the number of variable sites that could be used for distinguishing different 179 16SrI subgroups. Then the list was prioritized based on the criterion of having multiple markers 180 located in distinct regions of those phytoplasma chromosomes. The PCR primers ( 196 The procedure for calculating the substitution rates was based on that described in our 197 previous studies ). Briefly, the homologous protein 198 sequences were aligned by using MUSCLE v3.8.31 (Edgar, 2004) . The protein alignments were 199 converted into codon-based nucleotide alignment using PAL2NAL v14 (Suyama et al., 2006) , 200 which were then processed using the YN00 method (Yang and Nielsen, 2000) implemented in 201 PAML v4.9h (Yang 2007 ). 202 203
Results and Discussion 204
Genome Characteristics 205
Among the 11 phytoplasma genomes included in this study, four have the complete 206 chromosomal sequence available while the other seven are draft assemblies with varying levels 207 of completeness (Table 1) . For those incomplete genomes, the true genome sizes are difficult to 208 determine. Nonetheless, the largest (i.e., OY-M; 853 kb) and the smallest (i.e., MBSP-M3; 576 209 kb) genomes in this data set are both completed assemblies, indicating the high level of genome 210 size variation among these closely related strains. The total number of CDS is strongly correlated 211 with the genome size (r = 0.92, p = 2.7e-5). However, the number and proportion of pseudogenes 212 varied widely among these genomes. For example, the strains AYWB and NJAY have a 213 genome-wide ANI of 99.7%, yet the proportion of pseudogenes are 17% and 41%, respectively. 214
In another case, DY2014 and OY-V have a genome-wide ANI of 99.4%, yet the proportion of 215 pseudogenes are 8% and 25%, respectively. Although these differences may reflect true 216 biological processes, such as some strains have experienced genome degradation, it is also 217 possible that these differences may be explained by artifacts. Regarding the sequencing methods, 218
AYWB with frameshift mutations in NJAY and OY-V. Moreover, assemblies that are more fragmented 225 may also have more partial genes located at the ends of contigs. Due to these concerns, all 226 pseudogenes were included in the gene-centric investigation of this study. 227 228
Classification of the 16SrI Phytoplasmas Analyzed 229
The 16SrI subgroup assignments of these strains were mostly as expected but there were 230 few surprises ( Figure 1A ). First, WBD was reported as a 16SrI-B strain (Chen et al., 2014). 231
However, our examination of the sequence record deposited in GenBank revealed that the two 232 copies of 16S rRNA genes in this genome differ by 4-bp, and iPhyClassifier (Zhao et al., 2009) 233 assigned these two sequences to 16SrI-R and 16SrI-S, respectively. Results from molecular 234 phylogeny also support that these two sequences form a clade that is distinct from other 16SrI-B 235 sequences. Second, DY2014 has two 16S rRNA genes that differ by 1-bp. While one was 236 assigned to 16SrI-B, the other was identified as being a new subgroup with a RFLP pattern most 237 similar to 16SrI-B. Finally, TW1 has two sequences that differ by 12-bp, with one assigned to 238
16SrI-A and the other assigned to 16SrI-B (Town et al., 2018) . 239
These results highlighted several issues of this RFLP-based classification system for 240 phytoplasmas. First, the intra-genomic variation of 16S rRNA genes may result in a strain being 241 assigned to different subgroups depending on which homolog was examined. This issue has been 242 reported for other phytoplasmas and a three-letter subgroup designation system has been 243
proposed (Wei et al., 2008 the two types should be chosen for the formal subgroup assignment. In the case of PaWB, it was 251 assigned to 16SrI-D based on precedence. However, in the case of WBD (i.e., originally 252
described as a 16SrI-B strain), it is unclear if it should be redesignated as 16SrI-(R/S)R or 16SrI-253 (R/S)S. Second, this RFLP-based system considers only the sequence variations in restriction 254 sites. By ignoring the sequence variations in other positions, this approach could alleviate the 255 problem of intra-genomic variations to a certain degree (e.g., the two sequences in AYWB differ 256 by 2-bp, yet both were assigned to 16SrI-A). However, this approach wasted much of the 257 information contained in the full sequence and the uneven weighing of nucleotide positions 258 could introduce strong biases. The strain DY2014 represents one extreme example to illustrate 259 such biases, with a single-bp difference that is sufficient to result in different subgroup 260 assignments between the two 16S rRNA genes. Finally, a classification system that depends 261 solely on the 16S rRNA genes while ignoring other regions of the genome does not provide 262 sufficient resolution. 263
Regardless of the group/subgroup assignments of these 16S rRNA genes, all these 264 sequences share >99% identity ( Supplementary Table S1 ), which is above the general 265 recommended thresholds for defining species. These thresholds include: (1) To further investigate the divergence of these phytoplasmas, we utilized two approaches 277 to quantify their genomic similarities. In the first approach, the whole genome sequences were 278 used to calculate the proportion of genomic segments shared, as well as the ANI values of these 279 segments. A previous study that examined >90,000 prokaryotic genomes found that the ANI 280 values exhibit a bimodal distribution with the within-species comparisons almost always have 281 >95% ANI (Jain et al., 2018) . We found that based on this criterion, the 11 strains examined 282 could be separated into three clusters that roughly correspond to their 16SrI subgroup 283 assignments (Figure 2A ). The two 16SrI-A strains, AYWB and NJAY, share 86.9% of their 284 genomes and these shared regions are nearly identical (i.e., ANI = 99.7%). Because the NJAY 285
assembly is highly fragmented and ~10% smaller compared to the complete genome of AYWB, 286 the low proportion of genomic segments shared may be explained by missing data in the NJAY 287
assembly. The strain WBD shares only ~93% ANI with all other 16SrI phytoplasmas compared 288
and represents a distinct lineage. All of the remaining strains, including those assigned to 16SrI-289 B and TW1, share >97% ANI and could considered as a third cluster. This clustering result is 290 consistent with the maximum likelihood phylogeny inferred using 303 single-copy genes shared 291 by all strains (Figure 1B and Supplementary Table S2 ). 292
In the second approach, we considered only the putative coding regions (i.e., intact CDS 293 and putative pseudogenes) of these genomes for calculating genomic similarities ( Figure 2B ). 294
Compared to the genome-wide ANI approach, this gene-centric method is more laborious and 295 could potentially be affected by annotation quality. Nevertheless, this approach has a higher 296 confidence in inferring the homology prior to calculating sequence identities and provides a 297 complementary method to the ANI approach. Although the exact genome similarities values 298 differ slightly, the patterns found by using these two approaches are consistent. 299
Based on these results regarding genomic similarities and molecular phylogeny, it 300 appeared that these 16SrI phytoplasmas could be classified into three taxonomic units 301 corresponding to species. Similar to a previous study that examined diverse prokaryotes (Jain et  302 al., 2018), the sequence identity values among these phytoplasmas also exhibited a bimodal 303 distribution (Figure 3 ). Excluding the comparisons involving TW1, the within-species 304 comparisons all have >97% genome-wide ANI, while between-species comparisons all have 305 <94% ANI (Figures 2A and 3A) . For sequence identities that were calculated based on only the 306 genic regions, in which the homology could be inferred more confidently, a similar separation 307 was found (i.e., within-species: >98.9%, between-species: <96%; see Figures 2B and 3B) . These 308 results suggest that those strains assigned to the same species may have on-going homologous 309 recombination that maintained high sequence similarities in their shared genomic regions. In 310 contrast, certain genetic barriers exist to lower homologous recombination between different 311 species. In other words, these results provide further support to the hypothesis that the biological 312 species concept, which is based on the barriers to homologous gene exchange, could be applied 313 to bacteria as well (Bobay and Ochman, 2017). Moreover, these results agree with a previous 314 study in that the conventional 97% identity threshold for delineating species based on 16S rRNA 315 gene is too low (Edgar, 2018) . 316
In addition to sequence identity, another important measurement for genetic similarity is 317 the proportion of genomic regions shared. For this second measurement, a wide range was 318 observed for both within-and between-species comparisons (Figures 2 and 3) . The wide spread 319 was mostly explained by the inclusion of two highly fragmented draft genomes (i.e., OY-V and 320
CYP; see Table 1 ), which resulted in low estimates that are artifacts stemming from missing data. 321
Similarly, the inclusion of WBD produced high proportions of genomic regions shared between 322 species (i.e., 82% with AYWB and 84% with MBSP-M3). If the complete genome sequence of 323 WBD is available, the denominator would change and these estimates could change in either 324 direction. Due to these uncertainties, we restricted the comparisons to those four strains with the 325 complete genome sequences available (i.e., AYWB, OY-M, MBSP-M3, and De Villa). For this 326 reduced data set with high confidence, strains assigned to the same species share ~78-93% of 327 their chromosomal segments and ~79-89% of their protein-coding genes, whereas strains 328 assigned to different species share ~74-78% of their chromosomal segments and ~70-75% of 329 their protein-coding genes. 330
For an alternative approach of visualization, we used the principal coordinates analysis to 331 compare the gene content divergence among these phytoplasmas (Figure 4 ). With the exception 332 of TW1, the results were consistent with the molecular phylogeny ( Figure 1B) and pairwise 333 genome similarities (Figures 2 and 3) . The first coordinate explained ~40% of the variance and 334
showed clear separation for the three putative species. The second coordinate explained ~23% of 335 the variance and showed that those 16SrI-B strains could be separated into three subgroups. 336
Taken together, these results supported the existence of multiple operational taxonomic 337 units equivalent to species within the previously described 'Ca. Phytoplasma asteris' (Lee et al., 338 2004) and provided quantitative guidelines for establishing the species boundaries. Future work 339
to improve the sampling of genomic diversity among these important plant pathogens are 340 necessary to inform the taxonomy revisions. 341 342
The Special Case of the TW1 Genome 343
Based on the aforementioned framework for phytoplasma classification, the strain TW1 344
represents a strange and difficult case. The high level of intra-genomic variation between its two 345 copies of 16S rRNA genes has been noted in the initial characterization (Town et al., 2018) . In 346 our whole-genome analysis, this strain shares a higher proportion of its chromosomal segments 347 and protein-coding genes with those 16SrI-A strains, yet has higher sequence identities with 348 those 16SrI-B strains (Figures 2 and 3) . Because of these properties, this strain was clustered 349 with those 16SrI-A strains based on gene content (Figure 4) , while having closer phylogenetic 350 relationships with those 16SrI-B strains ( Figure 1B) . 351
In the absence of an intuitive hypothesis that could explain the evolutionary processes 352 leading to these conflicting findings, we examined the possibilities that these findings were 353 results of artifacts. This TW1 genome was co-assembled using one long-read library (based on 354
Oxford Nanopore MinION) and one short-read library (based on Illumina MiSeq) (Town et al., 355 2018). When the raw reads from these two sequencing libraries were examined separately, we 356
found that the long-read library likely contains a 16SrI-A type phytoplasma. When the raw reads 357
were mapped to the AYWB chromosome, all regions were covered and 3,725 sequence 358 polymorphisms were found; when mapped to OY-M, 52,649 bp had no coverage and 31,401 359 sequence polymorphisms were found. In contrast, the short-read library likely contains a 16SrI-B 360 type phytoplasma. When the raw reads were mapped to OY-M, 103,922 bp had no coverage and 361 9,489 sequence polymorphisms were found; when mapped to AYWB, 110,458 had no coverage 362 and 29,323 sequence polymorphisms were found. 363
Based on these findings, a possible explanation is that during the assembly process, the 364 long reads produced several 16SrI-A type scaffolds, which resulted in the high similarities of the 365 TW1 genome content to 16SrI-A as observed (Figures 2-4) . Subsequently, during the polishing 366 stage, the exact sequences of these scaffolds were modified based on the short-read library, thus 367 explaining the high sequence similarity of this TW1 genome to those 16SrI-B strains. In other 368 words, in its current form, this TW1 genome assembly represents an artifact due to mis-assembly, 369
rather than a true representative of an existing phytoplasma strain. 370 371
Development of Molecular Markers for Multilocus Sequence Analysis 372
To develop molecular markers that may be useful for the MLSA of these phytoplasmas 373
and their relatives, we examined the multiple sequence alignments of those 303 single-copy 374 genes shared by all of the genomes analyzed. The selection criteria were based on: (1) the 375 number of informative sites that may be used to distinguish the three species identified, (2) the 376 possibility of designing PCR primers for a product in the size range of ~700-800 bp and covers a 377 large number of informative sites, and (3) the chromosomal locations. The first two criteria were 378 aimed to make the Sanger sequencing of these markers as cost-effective as possible, while the 379 third criterion was aimed to make the MLSA robust against recombination. 380
Based on these criteria, we selected four markers to supplement the 16S rRNA gene. 381
These four makers all have high numbers of informative sites, particularly when compared to 382 those markers that have been developed previously (Table 2 and Supplementary Figure S1) . The 383 substitute rates of these marker genes are relatively high but do not deviate strongly when 384 compared to other shared single-copy genes (Supplementary Figure S2) . 385
In terms of chromosomal locations, these markers are well separated in all genomes 386 examined despite the extensive genome rearrangements observed ( Figure 5 ). Although the extent 387
of recombination in phytoplasmas is not well understood, recent studies on Xylella fastidiosa (i.e., 388
another insect-transmitted plant pathogen that is restricted to vascular tissues) revealed that 389 recombination affected ~0.5-15% of the genome, depending on the exact subspecies (Potnis et al., 390 2019; Vanhove et al., 2019). The recombined fragments could have sizes up to 31 kb, with an 391 average of 1 kb. Based on these estimates, it is unlikely that one single recombination event 392
would affect more than one of these four markers. Thus, the results of MLSA should be robust 393 against the interference of recombination. 394
When we used these four newly developed markers for molecular phylogenetic inference, 395 the concatenated alignment (together with the 16S rRNA gene, which is expected to be 396 sequenced in the initial characterization of newly collected strains) produced a phylogeny 397
( Figure 1C ) that is comparable to the result from genome-scale analysis ( Figure 1B ). This result 398 demonstrated the utility of these markers for future genotyping work. With better sampling of 399 phytoplasma strains and more accurate classification of those strains using these markers, 400
informed decision could be made to select representatives for genome sequencing efforts, which 401 could contribute to the study of phytoplasma genetic diversity and evolutionary history, as well 402
as improve the taxonomy. 403 404
Phylogenetic Distribution of Phytoplasma Effector Genes 405
With the well-resolved phylogeny ( Figure 1B) as a framework, we investigated the 406 distribution of putative effector genes among these phytoplasmas. The results indicated a high 407 level of variation in the gene counts ( Figure 6 ). One clade (i.e., MBSP-M3, De Villa, and LD1) 408 have only ~10-14 genes that encode putative secreted proteins. These numbers are much lower 409 than the ~34-44 found in their sister clade (i.e., OY-M, OY-V, and DY2014 this work demonstrated a discontinuity in their genome similarities. The results suggested that 438 these phytoplasmas could be classified into multiple distinct taxonomic units equivalent to 439 species. Importantly, the current classification system for phytoplasmas that is based on the 440 RFLP analysis of their 16S rRNA genes does not provide sufficient resolution or accuracy. 441
Although using 16Sr subgroup for species may appears to be a simple solution (e.g., in the cases 442 of 16SrI-A and 16SrI-B), this does not always work (e.g., several strains have two 16S rRNA 443 genes that were assigned to different subgroups). As such, it is important to incorporate genomic 444 information in the future revisions of phytoplasma taxonomy. A previous proposal of using 95% 445 ANI as a cutoff to delineate bacterial species (Jain et al., 2018) appears to work well and 446
warrants further consideration to be adopted. In recognition of the difficulties involved in 447 genomic studies of uncultivated bacteria, this work also demonstrated the feasibility of using 448 genome analysis to develop cost-effective MLSA markers, which will be useful for practical 449 purposes. For future directions, it is critical to improve the taxon sampling of phytoplasma 450 genomes strategically, such that similar approaches may be expand to genus-wide analysis to 451 facilitate the studies of these important plant pathogens. 452 453
Acknowledgments 454
We The authors declare that the research was conducted in the absence of any commercial or 471 financial relationships that could be construed as a potential conflict of interest. 472 473 regions between genomes are illustrated (red: match on the same strand; blue: match on the 760 opposite strand). 761 762 Figure 6 . Phylogenetic distribution of putative effector genes. The cladogram that illustrates the 763 phylogenetic relationships among these strains is based on Figure 1B (i.e., maximum likelihood 764 phylogeny based on 303 shared single-copy genes). The number in parentheses after the strain 765 name indicates the number of genes that encode putative secreted proteins in each genome. The 766 strains with the complete genome sequences available are highlighted in bold. On the right-hand 767 side, the table lists the locus tags of homologs for those four phytoplasma effectors that have 768 been characterized. Those locus tags with an asterisk (*) were annotated as putative pseudogenes. 769 770 771
Figure Legends

